Introduction
About 25-30% of bacterial proteins carry out their metabolic and structural function outside the cytoplasm. Therefore, they either have to be inserted into, or translocated across the cytoplasmic membrane. The major route for membrane protein insertion and translocation in bacteria is provided by the secretory (Sec) pathway. Targeting of proteins to the Sec translocase occurs either post-translationally via an amino-terminal (N-terminal) signal sequence or co-translationally as ribosome nascent chains with the aid of signal recognition particles (SRP) [1] . During post-translational targeting, the hydrophobic core of a preprotein is recognised and bound by the molecular chaperone SecB, keeping the preprotein in an unfolded, secretion-competent state. The SecB-preprotein complex is then targeted to the motor ATPase SecA [2] , which is bound to the membrane-embedded protein-conducting channel SecYEG and translocation is initiated.
The SecYEG complex comprises a heterotrimeric organization of three integral membrane proteins SecY, SecE and SecG [3] . SecY consists of 10 α-helical transmembrane helices (TMH) and is divided into an N-terminal (TMH 1-5) and C-terminal domain (TMH 6-10), which are connected by a periplasmic loop forming a clamshell structure with a centrally located pore. The pore ring, which is composed of hydrophobic residues, separates the periplasmic and cytoplasmic hydrophilic environments on both sides of the membrane. The channel is plugged on the periplasmic side by a short helix (TMH2a) in the centre of SecY, and a loosened junction between TMH2b and TMH7 of SecY forms a lipid-facing lateral gate [4] . When SecA interacts with the preprotein and SecYEG, it is activated for the ATP-dependent stepwise translocation of preproteins [5, 6] . In the initial stages of the process, the Nterminal signal sequence of the preprotein binds at a site close to the lateral gate, whereupon it intercalates into the lateral gate [7] , and eventually slides outside of the lateral gate [8] . It was proposed that the signal sequence relocates in such a way that the N-terminus is located towards the cytoplasm, while the C-terminus is oriented towards the periplasm [8, 9] . The positioning of the signal sequence in the lateral gate leads to a widening of the pore ring, which in turn causes the plug to shift outwards. This mechanism results in the formation of a central channel that can accommodate a translocating polypeptide. The pore ring acts as a gasket surrounding the polypeptide, thereby preventing any undesired ion leaks [8] .
The numerous components and their interplay demonstrate the complexity of translocation, in which not only proteins, but also the phospholipid membrane plays a crucial role. The lipid bilayer provides a matrix in which the Sec-channel is embedded, allowing for specific translocon-phospholipid interactions. In particular anionic lipids have been shown to interact with SecYEG [10] and are essential for protein translocation [11, 12] , while other lipids species, like the zwitterionic non-bilayer lipid phosphatidylethanolamine (PE) have a stimulating effect on the translocation process [13] . Recently, we have shown that anionic phospholipids are needed for the high affinity binding of SecA to SecYEG. In this process, SecA binds to anionic lipids (e.g. phosphatidylglycerol) in the cytoplasmic membrane via its amphipathic positively charged N-terminus [14] . This enables the tethering of SecA to the membrane [15] and allosterically alters the SecA conformation, thereby promoting its binding to SecYEG with high affinity [14] and stimulating its ATPase activity for protein translocation [12] .
Although these findings provide a first mechanistic insight into how anionic lipids participate in protein translocation, still little is known about the specific influence of the anionic lipids on the SecA-SecYEG interaction. Here, we further elaborated on the anionic phospholipid dependent binding of SecA to the translocon by combining experimental data with molecular dynamics simulations, to provide a more detailed insight on how anionic lipids influence post-translational protein translocation.
Results

Anionic phospholipid dependence of protein translocation and SecA-SecYEG binding
One of the bacterial translocation related processes in which anionic lipids function is the interaction of SecA with the translocon. Recently, it was shown that phosphatidylglycerol (PG), one of the major lipid species in E. coli, is needed for the high affinity binding of SecA to the SecYEG channel [14] . In this process, SecA initially associates with the membrane via a weak interaction of the SecA N-terminal amphipathic helix with PG, which induces a conformational change in SecA that enables subsequent high-affinity binding to the SecYEG channel. Given that the nature of the SecA N-terminus PG interaction is electrostatic [16] , the binding mechanism of SecA to the membrane may not be specifically mediated by PG, but might be realized with other anionic lipid species as well [14] . To verify the charge-dependency of this interaction, we investigated the influence of the anionic lipid species phosphatidylserine (PS), phosphatidic acid (PA) and cardiolipin (CL), and compared it with PG. Single SecYEG complexes were reconstituted into large nanodiscs (size~31 nm) as SecA needs a large lipid surface in order to be able to penetrate the lipid bilayer with its N-terminus [14] . The nanodiscs were prepared with a lipid composition of anionic lipid:PE:PC (molar ratio 30:30:40), except for CL, which contains an additional negative charge. As the effect of charge is examined, the molar ratio was adjusted to CL:PE:PC 15:30:40 to keep the overall net charge constant. SecA-SecYEG binding was assessed by Microscale Thermophoresis (MST). Reconstituted SecYEG was fluorescently labelled with Cy5 at a unique Cys 148 position of SecY and a binding curve was obtained by titration with SecA. Regardless of the anionic lipid type, SecA binding to the SecYEG containing nanodiscs followed a similar pattern, whereas in the absence of anionic lipids, the SecA-Se-cYEG interaction was completely absent ( Fig. 1a ) confirming our earlier report [14] . Some differences in binding affinity between the anionic lipids could be observed. In the presence of CL, the binding affinity of SecA to SecYEG nanodiscs was found to be slightly higher (K D = 44.3 ± 24.3 nM) than with PA (K D = 80.8 ± 31.4 nM) or PG (K D = 102.7 ± 25.5 nM). A lower binding affinity was found in the presence of PS (K D = 173.1 ± 44.7 nM). Overall the results show that SecA is stimulated for high affinity binding to SecYEG regardless of the anionic lipid species, and indicate SecA-membrane interaction is mainly charge dependent.
Next, the influence of the anionic lipid concentration in the membrane on the SecA-SecYEG interaction was examined. SecYEG was reconstituted in nanodiscs containing 0%, 5%, 10%, 20% or 30% PG, and the Kd of SecA binding to SecYEG was determined by MST ( Fig. 1b ). With increasing PG concentration from 0 to 10%, the measured Kd decreases, indicating that the amount of PG is limiting the SecA-SecYEG interaction. However, at PG concentrations above 10%, the Kd-value remain constant, hence an increase in the PG concentration does not further stimulate the SecA-SecYEG interaction. Another way to visualize this data is by plotting the fraction of SecYEG that has SecA bound in relation to the PG concentration ( Fig. 1c , left Y-axis, open symbols).
Above 10% PG the fraction bound is almost 1, implicating that virtually all translocons are occupied by SecA. Next, the influence of the anionic lipid concentration on the overall translocation process was determined. For this, a fluorescent proOmpA translocation assay was performed using SecYEG proteoliposomes. Here, proOmpA is translocated by SecYEG from the exterior into the lumen of the liposomes, and therefore is protected from degradation by the externally added Proteinase K. Translocation activity is determined by the percentage of translocated proOmpA. Remarkably, the translocation activity showed a different dependence on the PG concentration as compared to SecA-SecYEG binding, as translocation increased with the PG concentrations up to 30% (Fig. 1c , right Y-axis, filled symbols). This implies that even when SecA binding to SecYEG is fully saturated at 10% PG, the translocons are not yet fully functional, suggesting a second PG dependent step in the translocation mechanism.
This observation was confirmed by a SecA ATPase activity assay. The ATPase hydrolysis activity of SecA in the presence of proOmpA (translocation ATPase) was determined by measuring the free phosphate concentration using a malachite green reagent. Similar to the translocation activity, the ATP-hydrolysis showed a linear anionic lipiddependency ( Fig. 1d ). This phenomenon was independent of the SecA concentration, i.e., at non-saturating (50 nM) or saturating (500 nM) concentrations, thereby confirming that SecA-SecYEG binding and SecA mediated translocation are two distinct anionic lipid dependent processes.
Translocation activity can be restored by introducing newly synthesized anionic lipid
Although lipid-protein interactions in general are transient and dynamic, it cannot be excluded that anionic lipids play a permanent role in the structural organization of the translocon. For this reason, we want to exclude that the observed PG concentration-dependent effects are caused by structural and/or functional deficiencies during liposomal reconstitution of purified SecYEG. To examine this, anionic phospholipids were reintroduced in an anionic deficient membrane, for which we made use of a recently developed in vitro system for the enzymatic synthesis of PG [17] . In a cascade of enzymatic conversions, oleic acids and glycerol 3-phosphate are converted into the anionic phospholipid PG. As the oleic acid partitions into the existing lipid bilayer of the SecYEG proteoliposomes, conversion directly leads to the incorporation of PG into the existing proteoliposomal membrane ( Fig. 2a ). The presence of the translocon did not interfere with in vitro phospholipid biosynthesis and all oleic acid was converted into PG, with under the experimental conditions employed, to a maximum of 25% of total phospholipid (Fig. 2b ). To determine whether the newly synthesized PG enables the restoration of SecYEG activity, an in vitro proOmpA translocation was performed ( Fig. 2c ). Introduction of PG into PE:PC proteoliposomes restored translocation up to 75% compared to synthetic PG:PE:PC (30:30:40 molar ratio) proteoliposomes, whereas proteoliposomes without PG did not support translocation. Although, the majority of the oleic acid (99%) was converted into PG, the remaining oleic acid could have an effect on translocation. To exclude that the negative charge of oleic acid caused restoration of SecYEG activity, SecYEG proteoliposomes containing twice the amount of remaining oleic acid were prepared. As expected, those low traces of oleic acid did not induce protein translocation. These data demonstrate that the activity of the translocon can be restored by replenishing the acidic phospholipid content of the proteoliposomes. We therefore can exclude that the observed stimulation of translocon activity with increasing PG concentration is an artifact of reconstitution in an anionic lipid poor environment, implying that there is another anionic lipid-dependent event that can stimulate the translocon its activity.
Exploring the second lipid-dependent step during translocation
To explore at the molecular level how anionic lipids influence translocation related events, other than the SecA-SecYEG interaction, coarse grain (CG) molecular dynamics simulations were performed in combination with the MARTINI force field. The use of a CG model provides access to longer time scales, which is required to interpret biological-related processes [19, 20] . The MARTINI model, which maps on average four heavy atoms into an effective interaction site, has proven to be very efficient for this purpose [21] [22] [23] .
First, the localization of anionic lipids in a membrane containing 10% PG was mapped, in which localization in the different leaflets was analyzed separately. In the cytoplasmic leaflet PG enriches around the embedded SecYEG-SecA complex, supporting our experimental data. In particular, two distinct high-density spots (green) can be identified around the SecYEG-SecA interface: close to the SecA N-terminus and near SecG (Fig. 3a , upper panel, site 1a and 1b respectively). In the periplasmic leaflet, two other PG-rich regions were observed: one near the loop between TMH5 and TMH6 of SecY (site 2), and one at the lateral gate (Site 3) ( Fig. 3a , lower panel). Next, simulations were repeated in the presence of 30% PG. The anionic lipid density maps of both the periplasmic and cytoplasmic leaflet show an overall increase of PG, but no specific new PG-rich regions could be identified ( Fig. 3a , right panels). Instead, PG seems to particularly accumulate at the earlier identified high-density spots. The PG molecules present in site 1a, 1b and 3, show a long (μs) life-time ( Fig. 3b , depicted in red), thereby representing PG-binding sites. In fact, we observe that once associated, the binding of PG near the lateral gate is persistent till the end of the simulation (50 μs). On the other hand, PG residing at other locations around the translocon (including site 2) shows a much shorter life-time (ns life-time, depicted in green), displaying a more transient behavior. Other lipid species, i.e. PE, do not accumulate near the translocon (Fig. S1 ).
To validate our results obtained with the CG force field, MD simulations were continued from well-equilibrated configurations obtained at CG level, which were then back-mapped to AA representation. In line with the CG resolution, the AA simulations show that the PG binding spots are indeed preserved (Fig. S2) . A detailed analysis of the SecA-SecYEG interface shows PG localizing in two distinct sites (1a and 1b), both in close proximity of SecG ( Fig. S3 ). At site 1a, a PG molecule is sandwiched between the SecY and SecG interface and further stabilized by residues K54 (SecG) and R177 (SecY) ( Fig. S3a) . At site 1b, the lipid is interacting with the external face of SecG and additionally stabilized by the N-terminal residue M1 of SecA (Fig. S3b) , thereby representing the binding site for the SecA N-terminus. Interestingly, an important role of the N-terminus of SecA in the interaction with SecG has been reported earlier [24] . From these observations, we conclude that the interactions at site 1a and 1b are specific for anionic phospholipids. A high stabilization of PG in these sites is given by salt-bridges between specific basic residues and the charged phospholipid headgroup, as well as hydrophobic amino acids that are in contact with the PG acyl-chains.
PG is further enriched in the periplasmic leaflet of the membrane close to the loop between TMH5 and TMH6 of SecY (site 2) and near the lateral gate between TMH 7, TMH8 and 2b of SecY (site 3). Although the functioning of the loop connecting TMH5 and TMH6 of SecY in translocation is unknown, the lateral gate was identified earlier to participate in this process. During translocation of preproteins, the structural conformation of the lateral gate changes from a closed via a pre-open to an open state [4, 8, 25] , which should allow for interactions of surrounding lipids with the interior of the translocating channel. Our simulations show for the first time that PG is located at the lateral gate and partially inserts into the channel in the middle of the lateral gate ( Fig. 4, big panel) . Here, the phospholipid is stabilized by persistent binding regions within the lateral gate (one within TMH 7, one within TMH 8 and one within TMH 2b of SecY) (Fig. S4) . Noteworthy, the simulations show that lipids enter the lateral gate from both the periplasmic leaflet (Fig. 4 , upper panels and Movie S1) as well as the cytoplasmic leaflet, via two distinct routes. As lipids from both leaflets end up in the same position with the same orientation, this implies that PG originating from the periplasmic leaflet performs a complete flip-flop ( Fig. 4 , lower panels and Movie S2). Remarkably, repeated simulations (10 replicas) show that in the presence of 10% PG there is no preference for PG entering the lateral gate originating from the periplasmic or the cytoplasmic leaflet. On the other hand, in the presence of 30% PG, in only 2 out of 10 replicas the PG enters from periplasmic leaflet, indicating specificity for the cytoplasmic leaflet. Summarizing, an increase of the PG concentration to 30% did not result in additional PG crowding spots, but rather increased the anionic lipid enrichment also identified at 10% PG concentration. This is in accordance with the experimental data, which show a gradual increase in translocation with the PG concentration, instead of a critical threshold concentration that activates the translocation process.
We further studied the preferential anionic lipid association of the SecA-SecYEG complex by performing simulations with membranes containing both PG and CL lipids (see Methods). The average number of lipids around the translocon within 1 nm lateral range was computed and plotted ( Fig. S5) . At a first glance there seems to be no specific preference for either PG or CL, as the translocon is surrounded by an equimolar amount of anionic lipids. However, by mapping the individual lipid density of PG and CL respectively, it becomes clear that these lipids species associate with the translocon at distinct sites (Fig. 5a ). PG is more enriched around the SecY domain, whereas CL preferentially associates with the SecA domain (cytoplasmic leaflet).
This observation becomes even more evident by examining the periplasmic leaflet, where hardly any CL is localized near the SecY domain, suggesting that the interaction with the complex is not solely a chargecharge compensation, but has lipid specificity. In the absence of PG, CL localizes at the earlier identified regions around the SecA N-terminus (site 1a/b) and in addition to the lateral gate (site 3), but not around site 2, suggesting again a lipid specific recognition, which can't be totally compensated by charge.
Focussing on the SecA-SecYEG binding site, CL shows similar interactions compared to PG, except for the nucleotide binding site 2 (NBD2) subdomain of SecA. As indicated by our simulations, PG lipids interact shortly with this region while CL lasts longer, clearly suggesting a long-live association region (Fig. S6 ). Binding of PG and CL in the proximity of the lateral gate shows a more pronounced difference. Although CL localizes in the proximity of the lateral gate, it is unable to deeply interact with the channel itself. There seems to be a limited mass-size that the lateral gate can accept and divalent lipids like CL are too bulky to get in there.
Discussion
Anionic phospholipids are essential components of the phospholipid membrane and amongst others, are crucial for protein translocation. One of these anionic lipid dependent events in translocation is the binding of SecA to SecYEG. Here we further elaborated on the role of anionic lipids in this process and studied the impact on the overall translocon activity. The SecA N-terminus plays an important role in SecA-SecYEG binding, as it is vital for the initial association of SecA with the membrane, and precedes the high-affinity binding of SecA to SecYEG. This binding reaction is believed to be mainly electrostatic, implying that it is not dependent on a specific lipid type, but can be established in the presence of any anionic lipid species. Indeed, we observe that SecYEG complexes associate with SecA, regardless of the anionic lipid species present in the nanodiscs. With PS, a lower binding affinity was observed. PS is overall negatively charged, but contains a polar head group. This could form a charge-and spatial-dependent obstruction for the insertion of the positively charged N-terminus of SecA parallel into the membrane [26] , and could explain the lower affinity of SecA for SecYEG in PS containing membranes. It should be noted that PS is an intermediate in PE formation and it is only present in E. coli membranes in minute amount. Thus, the lower affinity of SecA binding with PS likely has little physiological relevance. With cardiolipin (CL), the binding affinity is almost twice as good as with PG or PA. CL contains two negative charges, resulting in a smaller anionic surface area compared to PA or PG. This could explain why SecA binding to SecYEG nanodiscs containing CL is enhanced relative to either PG or PA. This observation is supported by our MD simulations, that clearly show that CL is directly involved in stabilizing the association of SecA with the membrane. This could potentially increase the local concentration of SecA within the boundaries of a pre-embedded SecYEG complex. Although PG is also able to provide a similar stabilizing mechanism, CL enhances such process through a tighter binding to both the N-terminal as well as the NBD2 region of SecA.
Although the anionic lipid type mildly influences the SecA-SecYEG association, the concentration of anionic lipid has a clear effect on this interaction. The binding increases with the PG concentration up to 10%, after which binding saturates. On the other hand, translocation activity did not reach a plateau at 10% PG, but increased further with higher PG concentrations. This is further supported by the observation that newly synthesized PG [17] introduced into an anionic lipid deficient membrane restored the translocation activity to the levels expected for the realized anionic lipid concentration (25%). Restoration of translocation implies a dynamic lipid-translocon interplay and excludes any permanent structural deficiencies of the translocon during the reconstitution in an anionic lipid deficient membrane. Since the enhanced translocation activity at concentrations of anionic lipids above 10% cannot be attributed to improved SecA-SecYEG binding, there must be another translocation related event that is dependent on the anionic lipid concentration.
By using translocons embedded in lipid bilayer particles encircled by SMA (styrene maleic acid) polymers, we have previously shown that anionic phospholipids form an annulus around the SecYEG channel [10] . Thus, the second anionic lipid dependent reaction may relate to the translocon-lipid reaction. Therefore, computational analysis was performed on a membrane embedded SecYEG-SecA complex. Here, we were able to identify specific interaction sites of PG with SecYEG. We observed accumulation of anionic lipids in the cytoplasmic leaflet at two distinct spots close to the SecYEG-SecA complex. As expected, one spot is located near the SecG and SecA-N-terminus interface, representing anionic lipid mediated SecA association with SecYEG (site 1b). Interestingly, the second binding site was found close to the first binding site at the interface between SecG and SecY, again indicating a dominant role for SecG in the SecA-SecYEG interaction (site 1a). Previously, it was shown that SecG is not essential for protein translocation, but its deletion results in a cold-sensitive growth defect that can be attributed to impaired secretion [27] . Remarkably, this phenomenon could be suppressed by the overexpression of the pgsA gene that encodes for an enzyme responsible for PG synthesis [28] . Thus, elevated PG concentrations can suppress the SecG deficiency. Moreover, SecG is believed to contribute to the binding of SecA to the translocon [29] . Hence, the presence of acidic phospholipids in the vicinity of SecG suggests a potential role in facilitating the anionic lipid-dependent binding of SecA to the translocon. Both of these anionic lipid binding sites highlighted in this study, have also been identified to bind CL in a recent study [30] . By mutating the positive charges within TMH 1 and 4, corresponding to the binding sites at the interface between SecG and SecY, a reduction of the binding affinity for CL was detected. Although these binding sites were suggested to be specific for interactions with CL, our study demonstrates that both CL and PG interact with the same sites. The fact that there seems to be a preference for CL, when both lipid species are present does not mean there is a specific dependence on CL. This study, as well as previous in vitro and in vivo studies, show that in translocation the negative charge of anionic lipids is mainly decisive for SecA targeting and protein translocation and not so much the type of anionic lipid [10, 31] .
Two additional anionic lipid binding hotspots were identified at the periplasmic leaflet of the translocon. One of these spots concerns a close interaction of anionic lipids with the loop between TMH5 and TMH6 of SecY (site 2), which according to our MD data, seems to be exclusive for PG. As there is no known function of these interactions, the purpose of anionic lipid binding in this region remains unclear. However, the other hot-spot is located near the lateral gate (site 3), which is known to switch from a closed to an open state at the initiation of protein translocation. Although both PG and CL are able to accumulate within this region, there seems to be a preference for PG when both of these anionic species are present. PG inserts with its polar headgroup into the opened lateral gate, a phenomenon that is not observed with CL. As the gate extends across the lipid bilayer, it allows for entry from both leaflets, which would involve flip-flop for lipids entering from the periplasmic leaflet. Remarkably, a preference for lipids originating from the cytoplasmic leaflet can be observed, depending on the PG concentration. Although these findings are merely predictive and PG specific, they do provide an indication that the other anionic lipid-dependent event in post-translational translocation may involve interactions with the lateral gate. This is supported by other data showing that TMH 2 and 3 of the lateral gate are involved in anionic lipid binding [30] , and that opening of the lateral gate is critical for protein translocation [7] . In this respect, a mutational study of the eukaryotic Sec61 which is homologous to SecY showed substrate targeting and membrane insertion defects when T87 and Q93 were substituted by alanine residues [32] , two amino acid residues that in our study were identified for PG-positioning within the lateral gate ( Fig. 4) .
Finally, our simulations show that the interactions of phospholipid with the lateral gate are exclusively achieved by anionic lipids, in which the negatively charged headgroup inserts into the lateral gate, allowing for electrostatic interactions with complementary molecules. The most likely candidate for such interactions is the signal sequence of preproteins. It has been proposed that the lateral gate plays a role for signal sequence binding of preproteins [8] . Signal sequences usually consist of a positively charged N-terminus, a hydrophobic core of 7-15 amino acids and a polar C-terminus of 3-7 residues [33] . Anionic lipids have been shown to promote α-helix formation of signal peptides and cause the signal sequence to bind to the membrane [34, 35] . Interestingly, induction of complete α-helical conformation was only observed at a critical anionic lipid concentration of 35% and in the absence of salt. When positive charges at the N-terminus of the signal peptide are replaced with negative charges, the interaction of the signal peptide with the lipids was impaired [36] , and this disrupts the function of these signal peptides to support translocation. Our results suggest that the signal sequence -anion lipid interaction is orchestrated at the lateral gate of SecY and that anionic lipid crowding in the gate can stimulate signal peptide positioning.
Materials and methods
Protein production and purification
All strains and plasmids used in this study are listed in Table 1 . SecA was overexpressed in E. coli BL21 (DE3) and purified from the cytoplasm as described [14, 37] . The extinction coefficient used for SecA at 280 nm was 75,750 M −1 cm −1 .
E. coli DH5α harboring pET502 encoding for single-cysteine mutated proOmpA was grown at 37°C until an OD 600 of 0.6, whereupon protein expression was induced by addition of 0.5 mM IPTG. After 2 h of growth, cells were harvested at 6000 ×g for 15 min at 4°C, washed in 50 mM Tris/HCl, pH 7, spun down at 12,000 ×g and resuspended in 50 mM Tris/HCl, pH 7. After cell lysis, inclusion bodies were collected at 2000 ×g for 10 min and solubilised in the presence of 8 M urea. Anion exchange was performed for proOmpA purification as explained previously [43] . Single cysteine mutated proOmpA was labelled with fluorescein and free dye was removed by TCA precipitation.
SecYEG was overexpressed in E. coli SF100 and purified from crude membranes using Ni+ affinity chromatography as described previously [13] . For fluorescent labelling, 1 mg Ni + -NTA bound SecYEG was incubated with Cy5 according to manufacturer's manual (GE Healthcare) for 2 h at 4°C. Free dye was removed using washing buffer containing 50 mM Tris/HCl pH 7, 100 mM KCl, 0.1% DDM, 10 mM Imidazole and 20% (v/v) Glycerol. SecYEG was eluted using 300 mM imidazole. The purity and concentration of SecYEG and the fluorophore was estimated by SDS-PAGE and spectrophotometrically. The extinction coefficient used for SecYEG at 280 nm was 71,000 M −1 cm −1 . The extinction coefficients for the fluorophores were used as provided by the manufacturers.
The scaffold protein ApoE422k consisting of the 22 kDa N-terminal fragment of the human apolipoprotein E4 linked to a 6-His and thioredoxin (Trx) tag was overexpressed and purified as described [44] . Reconstitution was performed as described before [45] .
Reconstitution of SecYEG into proteoliposomes
Reconstitution of SecYEG into nanodiscs
For nanodiscs preparation, lipid mixtures were prepared and solubilised as explained for SecYEG proteoliposomes. SecYEG was mixed with a buffer containing 50 mM Tris/HCl, pH 8, 50 mM KCl, 0.1% DDM, 20% glycerol to a final volume of 1 mL. To achieve a monomeric state of the translocase, SecYEG, ApoE422k and lipids in a molar ratio of 0.25:10:1800 and incubated 4°C for 1 h. Detergent was removed in 3 steps of 1.5 h with 50 mg, 75 mg and 100 mg Bio-Beads SM2 sorbent (Bio-Rad), whereby the last incubation was performed overnight. Formed proteoliposomes were removed by a centrifugation at 250,000 xg for 30 min. The nanodiscs were concentrated using Amicon® Ultra-4 50 K Centrifugal Filter Devices and subjected to size-exclusion chromatography by fast protein liquid chromatography using a Superose 6 column (GE Healthcare). 0.5 mL elution fractions were collected in 50 mM HEPES/KOH, pH 7.4, 100 mM KCl, and 5% glycerol. Nanodisc containing fractions were analyzed by SDS-PAGE.
In vitro proOmpA translocation assay
The translocation activity of SecYEG in the presence of varying anionic lipid types and concentrations, was determined by a proOmpA translocation and protease protection assay as described [46] . ProOmpA was fluorescently labelled using fluorescein and translocated fluorescent proOmpA was detected in glycine gel using a Biomolecularimager (LAS 4000 Fujifilm).
ATPase assay
The ATPase activity of SecA in the presence of SecYEG proteoliposomes consisting of different anionic lipid types and concentrations, was analyzed as described [14] .
Microscale thermophoresis
To investigate the binding of SecA to SecYEG nanodiscs harboring varying anionic lipid types and concentrations, Microscale Thermophoresis was performed using a Monolith NT.115 from Nanotemper Technologies (Munich, Germany) as described [14] . Data were fitted using the law of mass action.
In vitro assays for phospholipid production
The in vitro biosynthesis of phospholipids was done as described before, employing purified phospholipid biosynthesis enzymes as detailed elsewhere [22] . In short, all reactions were performed in 100 μL of Assay Buffer containing a final concentration of 50 mM Tris/HCl, pH 8.0, 10 mM MgCl 2 , 100 mM KCl, 15% glycerol and 2 mM DTT. Conversion of oleic acid into PG was assayed in buffer A with addition of 0.5 μM FadD, 50 μM CoA, 2250 μM oleic acid, 4 mM ATP, 3.5 mM SecYEG proteoliposomes, 10 mM G3P, 0.5 μM PlsB, 1.5 μM PlsC, 2 μM CdsA, 3 mM CTP, 1 μM PgsA and 1 μM PgpA. All reactions were incubated overnight at 37°C. Lipids were extracted two times with 0.3 mL of n-butanol, and evaporated under a stream of nitrogen gas and resuspended in 50 μL of methanol for LC-MS analysis.
LC-MS analysis of lipids
Samples from the in vitro reactions were analyzed using an Accela1250 HPLC system coupled with an ESI-MS Orbitrap Exactive (Thermo Fisher Scientific) as described [47] . In short, 5 μL was injected into a COSMOSIL 5C4-AR-300 Packed Column, 4.6 mm I.D. × 150 mm (Nacalai USA, Inc.) operating at 40°C with a flow rate of 500 μL/min. Separation of the compounds was achieved by a changing gradient of Mobile phase A (50 mM ammonium bicarbonate in water) and mobile phase B (Acetontrile). The MS settings and specifications used for this analysis were the same as described before [47] .
Spectral data constituting total ion counts were analyzed using the Thermo Scientific XCalibur processing software by applying the Genesis algorithm based automated peak area detection and integration. The total ion counts of the extracted lipid products: oleic acid (m/z 281.25 SecA [14] internal standard DDM (m/z 509.3 [M -H] − ) and plotted on the y-axis as normalized ion count.
Molecular dynamics
The GROMACS MD engine (version 5.1.2) [48] was used in combination with the MARTINI 2.2 force field for running all coarse-grain (CG) simulations [49] . The atomic coordinates of the SecYEG-SecA complex (PDB ID 3DIN) were downloaded and transformed into CG representation using the martinize script [50] . An internal elastic network was applied along the backbone beads of the complex in order to improve general stability [51] . The complex was embedded in preequilibrated membrane patches containing DOPC-DOPE-DOPG either at 40-30-30 (504-378-378 lipids respectively) or 60-30-10 (756-378-126 lipids respectively) lipid ratios. In addition, extra runs were also performed with membranes in which PG was partially (3 replicates) or completely (3 replicates) replaced by cardiolipin (CL). In agreement with simulations using one anionic lipid species, the overall anionic content was kept constant at 10% using membranes containing either 5% CL, or a combination of 5% PG + 2,5% CL. The systems were run at neutral charge balance by adding Na + ions. We followed a current update in parameters set-up for performing the simulations [52] . Equations of motion were integrated using a 30 fs time-step. Reactionfield electrostatics was used with a Coulomb cut-off of 1.1 nm and dielectric constants of 15 or ∞ within or beyond this cut-off, respectively. A cut-off of 1.1 nm was also used for calculating Lennard-Jones interactions, using a scheme that shifts the Van der Waals potential to zero at this cut-off. Constant temperature was maintained at 310 K via separate coupling of the solvent and membrane/protein components to velocity rescaling thermostat with a relaxation time of 1.0 ps. During equilibration, the system pressure was coupled using a semi-isotropic pressure approach at 1 bar using a Berendsen barostat with a relaxation time of 12.0 ps. Position restraints were applied only to protein beads (backbone and side chain) during the entire equilibration using a force constant of 1000 kJ/mol·nm 2 . During production time, a Parrinello pressure barostat was applied with relaxation time of 12.0 ps and no restraints were used on the dynamics of the protein. Equilibration time (2 μs) was followed by production time (50 μs) and trajectories were saved every 3 ns for analysis using pre-compiled GROMACS tools.
In order to validate the CG predictions, an equilibrated frame from the CG simulations (all anionic binding sites occupied) was backmapped [53] into all atom (AA) resolution using the charmm36m force field [54] . The fully atomic representation contained~0.7 M particles which were energy minimized before production runs. The water model is represented by the TIP3P [55] with CHARMM modifications [56] . Water molecules are rigidified with SETTLE [57] , and bonds involving hydrogen in lipids and proteins are constrained with P-LINCS [58] . Lennard-Jones interactions are evaluated using an atom-based cutoff, gradually switching off forces between 1.0 and 1.2 nm. Coulomb interactions beyond 1.2 nm are calculated using the smooth particle-mesh Ewald (PME) method [59] . Membranes were semi-isotropically coupled to a NpT ensemble via a Parrinello-Rahman barostat [60] at 1 atm. The temperature of the system was maintained to 310 K using the V-rescale approach [61] , with a coupling constant of 1 ps. Simulations were run for 0.3 μs and trajectories were saved every 200 ps for analysis.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.bbamem.2019.183035.
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